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A MILLIAMPERE CURRENT TRANSFORMER

BY EDWARD BENNETT

ABSTRACT OF PAPER
(1) It is pointed out that by the use of a current transformer

having a primary to secondary current ratio of the order of 1 to
100, oscillograms can be obtained of the charging current of a
single high-tension insulator or of a few feet of high-tension trans-
mission line; that is, oscillograms of currents of the order of 0.1
to 0.5 milliampere may be obtained.

(2) The drawings and specification are given for a transformer
for this purpose.

(3) The transformer relations are discussed; the methods of
determining the transformer constants are outlined, and the per-
formance of transformers constructed in accordance with the
specifications is determined.

(4) A series of oscillograms is given to illustrate some of the
applications of the transformer, such as to the study of corona,
high-tension insulators, and leakage currents in evacuated lamps.

I-INTRODUCTION. PURPOSE OF THE TRANSFORMER
IN AN investigation of the merits of wooden insulator pins

and of the causes of pin charring, conducted in 1908 for
the Telluride Power Company, the writer had occasion to con-
struct a current transformer which would permit of obtaining
oscillograms of the displacement current across a singlehigh-
tension insulator. Since then a similar transformer has been
used to determine the effect of corona on the wave form of the
displacement current between a 10-ft. (3-m.) length of wire and
a concentric 14-in. (35.56-cm.) pipe.
The first transformers were designed to have a current ratio

of 100, but on test developed a ratio of only 89; moreover, it was
evident that high harmonics were getting through the primary
winding as a displacement current from layer to layer.

Computations, based on the assumption that the primary was
wound in layers, had indicated that the displacement current
between layers at 60 cycles would be less than 0.2 per cent of the
total current. After the test, these computations were rechecked
with the same results as before, and for some time the discrepancy
remained inexplicable. The cause of the discrepancy was event-
ually discovered and eliminated only by a chance observation.
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In view of this experience and of the merits of the transformer
for certain lines of investigation, a description of the conlstruction
and characteristics of the perfected transformer would seem to
be warranted and is herewith presented.

Purpose of the Transformer. A deflection of one centimeter
on oscillograms from the oscillograph used is obtained with a

H.T Trans.

Curre~nt Tiun$.

librafor(fif _ Vibrato,(fJ

FIG. 1-CONNECTIONS FOR INSULATOR OSCILLOGRAMS

current of from 0.05 to 0.08 peak ampere. Oscillograms with
a peak deflection of less than 0.5 cm. are not very satisfactory,
therefore the smallest current which will give a satisfactory
oscillogram when passed directly through the vibrator of the
oscillograph is 0.02 r.m.s. ampere.
The displacement current at the working voltage from the line

M/1efta/ Cylinder

Vibrator(IJ

Vibrca'or(E) - - -

FIG. 2-CONNECTIONS FOR OSCILLOGRAM OF THE CHARGING CURRENT
OF A WIRRE

wire to the pin of a single high-tension insulator is about 0.0002
ampere at 60 cycles, that is, it is approximately the same as the
charging current of six ft. (1.8 m.) of No. 00 B. & S. conductor
at 34.6 kv. to ground. Oscillograms of these currents may be ob-
tained by using a current transformer with a current ratio of
100 as shown in Figs. 1 and 2.
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II-DESCRIPTION OF THE TRANSFORMER
The construction and dimensions of the tralnsformer are shown

in Figs. 3 and 4. Primary and secondary coils are wound on a
single hard rubber spool, the secondary coils being at the bottom of
the spool. The magnetic circuit comprises a short bridge section
within the spool and two wings of greater length but each having
1.8 times the cross-section of the bridge. The laminated core
is clamped between two maple blocks on which are mounted
the binding posts in which the coils terminate.

/ --29 - \
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FIGs. 3 AND 4-MILLIANIPERE CURRENT TRANSFORMER

Specification
Rating.
Secondary current range 0.01 to 0.1 ampere.
Ratios of current transformation 100 and 200.
Primary current range 0.00005 to 0.001 ampere.
Frequency 60 cycles.
Resistance of external circuit 0.6 ohms.
Reactance " " " negligible.
The 200 ratio is for use only in those cases in which very exact

phase relations are not essential.
Primary Winding.

16,200 turns of 38 B. & S. gage enameled copper wire.
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Mean diameter of turn 6.3 cm.
Total length of wire 3210 meters.
Measured resistance 6650 ohms.
The wire is not wound in single layers but in " sections " of

about 600 turns each with a layer of 0.04-mm. tissue paper
between sections.
Secondary Winding.
Number of coils 3.
Size of wire No. 20 B. & S. double silk covered copper.
Coil 1 has 1 layer of 27 turns.

Resistance, 0.11 ohms.
Coil 2 has 81 turns in 3 layers.

Resistance 0.34 ohms.
Coil 3 has 81 turns in 3 layers.

Resistance 0.38 ohms.
Coils 2 and 3 are used in series for a ratio of 100 and in parallel

for a ratio of 200.
Core.

14-mil (0.36-mm.) silicon steel.
Net section of bridge section 4.2 sq. cm.
Magnetic length of bridge section about 5 cm.
Net section of each wing 7.7 sq. cm.
Magnetic length of wing section 15 cm.
Flux densities at 0.05 ampere secondary:

36 lines per sq. cm. in bridge.
10 " " " " "iwings.

Joints in the magnetic circuit, 2.

III-TRANSFORMER RELATIONS
Fig. 5 is a vector diagram showing the phase relations of

currents, voltages, and magnetic flux when the transformer is
connected for a ratio of 100 and is delivering 0.05 ampere (effec-
tive value) to the secondary circuit. Unless otherwise stated,
the following discussion all relates to the 100 to 1 connection
of the transformer.

In this diagram,
if 12 = 0.05 ampere represents the current in the secondary then
E2 = 0.05 (r2 + jX2) represents the voltage that must be in-

duced in the secondary by the magnetic flux.
E2 = 12 (r2 + jX2) is the resultant of the two components,
12r2, in phase with the secondary current, and

j12X2, leading the secondary current by 90 deg., where
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r2 is the resistance of the secondary winding plus the resistance
of the external circuit supplied by the secondary, and

x2 is the reactance of the secondary winding due to leakage
flux embracing the secondary alone, plus the reactance
of the external circuit.

The secondary voltage E2 is induced by the mutual magnetic
flux p, 90 deg. in advance of and directly proportional to E2.
To drive the flux S° through the magnetic circuit there is re-

quired a magnetizing force consisting of two components, a watt-
less component M in phase with S°, and a power component W,
90 deg. in advance of p. The primary current 11 must furnish
this magnetizing force and must in addition neutralize the mag-
netomotive force of the secondary current 12.

nG 15-TRANSORER IAR2=A0.M

Frt,a-----netaiig opnn I,~ 2o

n-' E2f-66V.E,= IOV. 62 2
FIG. 5 TRANSFORMER DIAGRAM

NOTndThe exciting current Ie and its componenltsIm and IW are drawlito 10 times
the scale of the primary and secondary currents.

The primary current then is the resultant of three components:

First, a neutralizing componentd nby t m I2 or

in phase opposition to E2.
Second, a wattless exciting component 1. in phase with Sp.
Third, a power exciting component Iw,, 90 deg. in advance of<p.
The voltage El consumed in the primary of the transformer is

made up of three components:
First, the voltage consumed by the mutual fluxng,

= _ E2-
n2

Second, the voltage consumed by resistance in the primary,
a voltage in phase with rI1, and equal to Ilrl.

Third, the voltage consumed by leakage flux linking with the
primary alone, a voltage 90 deg. in advance of 11 and equal to
jIlxl.
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It is seen from this diagram that the reversed secondary current
leads the primary current by a small angle, X, whose tangent is
approximately equal to the component of the exciting current in
quadrature to the load current divided by the load current.
Furthermore, the ratio of the secondary to primary current is less
than the ratio of primary to secondary turns, due to the com-
ponent of the exciting current in phase with the load current.

IV-DETERMINATION OF THE TRANSFORMER CONSTANTS
Resistance. The resistance of the secondary circuit is as

follows:
Secondary winding ...................... 0.62 ohms
Leads to the oscillograph (negligible)
Vibrator of the oscillograph .............. 0.6 "

Total secondary resistance .1.......... l .32

Reduced to the primary the equiva-
lent resistance is 13,200 ohms. Z-k
The resistance of the primriary is 6600

ohms, making a total transformer and
vibrator resistance of 19,850 ohms.

It will be noted that the resistance
given for the vibrators, (0.6 ohms), is
only one-half of the resistance of the FIG. 6-MODIFIED
standard vibrators. This reduction in VIBRATOR
the resistance has been effected by modifying the vibrators as
shown in Fig. 6. This modification eliminates useless silver
strip, reducing the length of the strip to one-half the standard
length, without in any way affecting the period or sensitiveness
of the vibrator. It is of course out of the question to fuse
vibrators used in the secondary of the current transformer, be-
cause of the high resistance of the fuse.

Reactance. The reactance of the external part of the secondary
circuit is negligible in comparison with the reactance of the
secondary winding.
The separate reactances of primary and secondary due to leak-

age flux cannot be computed from the transformer dimensions
with any degree of accuracy. The combined leakage reactance of
primary and secondary can, however, be obtained experimentally
by taking an oscillogram with the connections shown in Fig. 7.
Fig. 8 (film 203) is a characteristic oscillogram taken with these
connections. The current I in the secondary lags about 12 degrees
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behind the potential E across the primary. With a transformer
and a vibrator resistance of 19,850 ohms, a lag of 12 deg. indi-
cates a leakage reactance of 4800 ohms at 60 cycles.

It will be approximately correct, and will introduce no ap-
preciable error to apportion half of this to the primary and
half to the secondary, thus making the primary reactance 2400
ohms and the secondary reactance 0.24 ohms. Fig. 5 has been
constructed on this basis.

Flux Densities. With a total secondary impedance of 1.33
ohms = (1.32 + j 0.24), the secondary voltage at 0.05 ampere
is 0.066 volt. To generate this voltage, the flux densities
must be 36 lines per sq. cm. in the bridge and 10 lines per sq. cm.
in the wings. Data are not available for the predetermination
of the exciting current at these low flux densities.

Phase Displacement and Ratio of Transformation. To deter-
mine the phase displacement between primary and secondary

J6200 Turns

I. m 4162Turns

R Vibrafor()
Vibrator (E)

FIG. 7-CONNECTIONS FOR THE DETERMINATION OF TRANSFORMER
REACTANCE

currents and the ratio of transformation, oscillograms were
taken with the connections shown in Figs. 9 and 12. As shown
in Fig. 9, a 60-cycle current, measured by a voltmeter A, is
passed through one of the 81-turn coils and through the vibrator
P. The second 81-turn coil is connected through an adjustable
resistance R to the vibrator S, which was calibrated before and
after these tests.

For small variations in the resistance of the secondary circuit,
the angle of phase displacement and the percentage reduction in
the multiplier are approximately proportional to the secondary
resistance. The additional resistance R, which was varied from
zero to three ohms, was inserted for the purpose of increasing the
angle of phase displacement, thus permitting of its more accurate
determination from the films. Figs. 10 (film 200) and 11
(film 201) are characteristic films obtained in this manner. By
scaling the films, it is found that the transformer with an 81-
turn secondary has a ratio of transformation 3.2 per cent less
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than the ratio of the turns, and the secondary current leads the
primary by an angle of 3.6 deg. These are the constants of
the transformer when connected for a ratio of 200 to 1 with a total
secondary resistance of 0.94 ohms.
When, however, the transformer is connected for a ratio of 100

to 1, with a 162-turn secondary of 1.32 ohms resistance, the angle
of phase displacement and the percentage reduction in the ratio

will be approximately X 1-3) or 0.35 of the corresponding

A

All. Vibrator (P)

4-81 Turns

Vibralor(S)

FIG. 9 -CALIBRATION OF CURRENT TRANSFORMER

values for the 81-turn secondary. That is, for the 100 to 1 con-
nection the secondary current leads the primary current by 1.3
deg. and the true ratio of transformation is 1.1 per cent less than
the ratio of turns. It should be noted that the only method of
obtaining these small corrections is by scaling the films. When
dealing with corrections of this order the inaccuracies of the
method are suchthat the above corrections may be in error by
25 per cent.

Meqohm): R

FIG. 12-CALIBRATION OF CURRENT TRANSFORMER

A second method of calibrating the transformer is shown in
Fig. 12. In this method a known non-inductive resistance R
of about one megohm is connected in series with the 16,200-turn
primary, and a known voltage, measured by the voltmeter V,
is impressed across the primary and the megohm resistance.
The primary current lags 0.2 deg. behind, or is practically in
phase with, the impressed voltage, which is recorded by the
vibrator P. The secondary current is recorded by the cali-
brated vibrator S. The primary current is computed from the
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impressed voltage and the known resistance, while the current
in the secondary is obtained by scaling the oscillograms. A
number of calibrations made in this manner confirm the results
obtained with the Fig. 9 connections.

Constants of the Transformer for Higher Harmonics. The
constants of the transformer have been experimentally deter-
mined only at 60 cycles. From these tests conclusions may be
drawn as to the performance for a limited range of higher fre-
quencies.
In the following table are listed the computed values of the

secondary reactance and of the secondary impedance to the
fundamental frequency, (60 cycles), and some of the higher har-
monics. The fourth column of the table shows the relative flux
densities required to drive the same secondary current through
these imp edances at the corresponding frequencies; the fifth
column shows the relative values of the eddy currents, and the
sixth the relative values of the hysteresis losses.

Secondary Secondary Relative Relative Relative
Harmonic reactance impedance flux value of hysteresis

Ohms Ohms density eddy currents loss

ist (60 cycles) 0.21 1.33 1.00 1.0 1.0
3rd 0.63 1.46 0.37 1.1 0.7
5th 1.02 1.67 0.25 1.3 0.5
7th 1.47 1.97 0.21 1.5 0.6
9th 1.89 2.30 0.19 1.7 0.6
15th 3.16 3.43 0.17 2.5 0.9

An inspection of this table in connection with the vector dia-
gram, Fig. 5, indicates that:

a. The angle of lead of the secondary current and the dis-
crepancy between transformer ratio and ratio of turns, may be
expected to become smaller and smaller for the third, fifth and
seventh harmonic.

b. The angle of lead of the secondary current will pass through
zero and become an angle of lag, between the fifth and ninth
harmonic.

c. The constants of the transformers for all harmonics up to
the fifteenth will be extremely satisfactory.

Displacement Currents. There remain to be considered the
possible transformer errors resulting from the passage of pri-
mary current through the transformer as a displacement current
from turn to turn or layer to layer. For the purpose of deter-
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mining the order of magnitude of this current, assume the pri-
mary is wound evenly in layers, each layer starting from the same
side of the spool. With a wall thickness of 0.008 mm. of enamel
insulation surrounding each wire, the estimated capacity be-
tween adjacent layers is less than 8 X 10-9 farads, or the capacity
reactance to 60 cycles is 340,000 ohms. With 0.0005 ampere in
the primary the voltage between layers is 0.13 volt and the dis-
placement currelnt between layers will be 4 X 10-7 ampere or 0.08
per cent of load current.
The first two transformers constructed were wound with

40,000-turn (5 miles of wire) primary coils of 0.08-mm. enameled
wire. For these transformers the displacement current between
layers, computed under the assumnption of uniform layers, was
0.2 per cent of the load current. This seemed low enough,
and accordingly the transformers were wound with no addi-
tional insulation between layers. As noted in the introduction,
these transformers were designed for a ratio of approximately
100, but on test developed a ratio of only 89; moreover, higher
harmonics were not faithfully reproduced in the secondary.
For some time the cause of this discrepancy between computed
perforlnance and performance on test could not be discovered.
Finally, in unwinding one of the transformers the observation
was made that the nth turn was not always adjacent to the
(n-200th) and (n+ 200th) in the preceding and following
layers,-as would be the case with uniform layers, and as as-
sumed in the computations,--but occasionally came in contact
with turns farther removed from it, as the (n ± 900th) or the
(n i 1400th). The explanation of this is as follows:

In winding a fine wire the turns have a decided tendency to
override and " pile up " several turns deep at some parts of
the layer, and to run ahead of the correct position at other
parts. Where the wire runs ahead of its correct position, a
portion of the lower layer is left uncovered, with the result that
turns in the neighborhood of the (n A4 900th) or (nit 1400th)
turn may come in contact with these uncovered portions of
the lower layers. The difficulty of winding in absolutely uni-
form layers is so great that the wire was allowed to pile up and
run ahead in this manner. After observing this condition
of the winding it became evident that the loss in primary
ampere-turns might be far higher than the 0.2 per cent computed
for uniform layers; this loss in ampere-turns would be due to the
" bridging " of sections of the winding at considerable difference



PLATE XXXVI.
A. I. E. E.

VOL. XXXIII, 1914

FIG. S [BENNETT|

FIG. 10 [BENNE I rF

FIG. 11 [BENNETT]



PLATE XXXVII.
A. I. E. E.

VOL. XXXIII, 1914

FIG. 14 BENNET

FIG. 17 BNET

FIG. 18 [BENNETT]



PLATE XXXVIII.
A. 1. E E.

VOL. XXXIII, 1914

FIG. 19 0BENNETIl

FIG. 20 [HENNETTI

_ ~~~~~~~~~~~~~~~~~I

FIG. 21 [HEN-NETT]



PLATE XXXIX.
A. I. E. E.

VOL. XXXIII, 1914

FIG. 22 JBENE

FIG. 23 13NET

FIG. 24 [BENNETTI



PLATE XL.
A. 1. E. E.

VOL. XXXIII. 1914

-~~~~

FIG. 25 [BENNETT]

FIG. 2( [BENNETT]

FIG. 27 [BENNETT]



PLATE XLI.
A. I. E. E.

VOL. XXXIII, 1914

:a i i,. , 28l i l !1

FI;.2S |HBENXENIT

I_

FIG. 29 [BENNi1rT

FIG. 30 IBENNE~TTI



1914] BENNETT: CURRENT TRANSFORMER 581

of potential by the capacity between the turns in contact. The
displacement current between these sections in contact would
be shunted from the portion of the winding between the turns.
The use of paper insulation between layers is a remedy which

immediately presents itself. A layer of paper between each two
layers of wire would result in a primary coil with a much larger
mean diameter. This in turn means a very appreciable and
objectionable increase in the leakage reactance.
The primary of the transformer described in this paper was

accordingly wound in sections of about 600 turns each, with
paper insulation between the sections only. Each section was
the full width of the coil and on the average three turns deep.
The winding of a section started at one face of the spool, ad-
vanced toward the other face, the turns piling up two to four
deep all along, and terminated when the other face of the spool
was reached. A single thickness of 0.04-mm. tissue paper was
wrapped around the completed section, and the next section
was wound on this paper, and so on. Wound in this manner,
there is no possibility of the nth turn coming in direct contact with
a turn any farther removed from it than the (n ±4 50th). By
winding and insulating the transformer in the manner described,
it is estimated that the integrated effect of the 60-cycle current
shunted from the primary winding has been reduced to less
than 0.02 per cent of the total primary ampere-turns.
The importance of reducing the shunting effect of capacity

between layers to this low value at 60 cycles, is realized when
considering the magnitude of the effect for the higher har-
monics, for example, the fifteenth. The capacity reactance
between turns, layers and sections to the 15th harmonic is
1/15 of the reactance to 60 cycles; the impedance to the pass-
age through the windings of the 15th harmonic in the current
is approximately five times the impedance to 60 cycles; therefore,
the percentage of the 15th harmonic shunted from the wind-
ings will be 75 times the percentage of the fundamental shunted.

If, then, less than 0.02 per cent of the 60-cycle current is
shunted from the windings, the percentage of the 15th harmonic
will be less than 1.5 per cent. The conclusion is that the in-
fluence of displacement currents within the primary winding
may be neglected for the fundamental and any harmonic not
higher than the 15th.
To check the preceding conclusions relating to higher har-

monics in the current wave form, an oscillogram, Fig. 14,
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(film 194) was taken with the connections shown in Fig. 15.
In Fig. 15, B is a Leyden jar condenser having about 100 times
the capacity of the condenser C, which consists of two con-
centric cylinders separated by air,-a steel wire 0.059 cm. in
diameter in a 518-cm. length of pipe of 20.6 cm. diameter.
Both condensers in parallel were connected across a high-ten-
sion transformer generating 9.6 kv. The charging current of
the Leyden jars B was sent through the vibrator P and the
charging current of the cylinder condenser C was sent through
the primary of the current transformer, the secondary being
connected to the vibrator S. The vibrator E shows the poten-
tial wave form across the primary of the transformer. The
charging current of the two condensers B and C should have
the same wave form, and any appreciable errors introduced
by the transformer should cause an appreciable difference in

Cy/inder
~~~~~~~l-e

H. TTrans.

B-

FIG. 15-CONNECTIONS TO SHOW THE REPRODUCTION OF HARMONICS

the shape of the current wave forms P and S. An examination
of the oscillogram shows that the harmonics in the primary of
the transformer are very faithfully reproduced in the secondary.

V. APPLICATIONS
The transformer extends the field of usefulness of the os-

cillograph by increasing a hundred fold its current sensi-
bility. This makes it possible to use the oscillograph in
fields from which it has hitherto been barred by reason of
the minuteness of the currents to be studied. In this connec-
tion, however, it should be recalled that a current transformer
cannot increase the watt sensibility of the oscillograph, and that
the actual watt sensibility of the combined current transformer
and oscillograph is thirty per cent of the watt sensibility of
the oscillograph alone. Consequently, the current trans-
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former can only be used where the current to be investigated
flows under a voltage high as compared with the voltage con-
sumed in the transformer. This voltage is of the order of ten
volts for 0.0005 ampere. Figures 17 to 30 are oscillograms
intended to show some of the applications of the combined
current transformer and oscillograph.

Application to Corona Studies. The oscillograms, Fig. 17
to Fig. 21, (film 177 to 181), taken with the connections shown
in Fig. 2, show the effect of corona formation on the charging
current of a wire. The metal cylinder of Fig. 2 was an 8-in.
(20.6-cm.) iron pipe 17 ft. (518 cm.) long, in the center of which
was stretched a polished copper wire having a diameter of 0.227
cm. Corona is visible around this wire at 18.7 kv.

Fig. 17 (film 177) was taken at 17.8 kv.-below the voltage
at which corona is visible.

ff.Cy/inder
I 11 Wire

H.J TJrans. -|

FIG. 16

Figs. 18 and 19 (films 178 and 179), were taken above the
corona voltage at the voltages indicated on the films. They
show: (a) the point on the e.m.f. wave form at which copious
ionization sets in, (b) the duration of the period of ionization,
(c) the asymmetrical nature of the process of breakdown. In
all these films a positive current is a current from the pipe to
the wire, or the wire is cathode for positive deflections.
The three films above referred to were taken with a com-

bination of inductance and capacity in the circuit adjusted to
" weed out " all harmonics from the generator wave form.
The next two oscillograms, Figs. 20 and 21 (films 180 and 181),
were taken with the same wire but without " weeding out"
the harmonics from the impressed voltage.
To show more clearly the characteristics of the current which

flows when corona forms, the connections shown in Fig. 16
may be used. In Fig. 16, the charging current from a con-
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denser B, connected between wire and ground, is sent through
one of the secondary coils of the cuurrent transformer in such a
direction as to oppose the magnetomotive force of the primary
current.
The capacity of the condenser B is adjusted so that its charg-

ing current neutralizes the charging current between wire and
pipe for all voltages below the formation of corona. When
corona forms, the two currents no longer balance, and the de-
flection of the current vibrator shows the current which is super-
imposed on the charging current as the result of the ionization.
Figs. 22 and 23 (films 188 and 189), were taken with Fig. 16
connections, with a 0.059-cm. steel wire in the 8-in. pipe.
The asymmetrical nature of the current is more striking at

low gas pressures than at atmospheric pressure. This is in-

sICopper PWaeir7Lcmp

57 Vo/fsa'0.C
83 Vo/ts _ ^,

w .SQ~ ~~ Vibra for(l)

Vibrafor.
(E)

FIG. 31

dicated in Fig. 24, (film 224), an oscillogram obtained with
a 0.102-cm. phosphor-bronze wire in the 8-in. pipe of Fig. 2.

This oscillogram \vas obtained with the pipe closed at the ends
and exhausted to a pressure of 0.5 cm. of mercury.
A pplication to Insulator Investigations. The current trans-

former may be used to determine the charging and leakage
currents of high-tension insulators and the ohmic resistance of
wooden pins at high voltages.
With the connections shown in Fig. 1 the oscillograms in Figs.

25 to 29 were taken on a 10-in. (25.4-cm.) suspension insulator.
Figs. 25 and 26 (films 301 and 305) were taken at 18.2 kv.,

with the insulator dry and under spray, respectively. The
spray was directed downward at an angle of 45 deg. from the
vertical; the rate of precipitation was 0.6 in. (1.5 cm.) per
minut e. The 60-cycle charging current of the dry insulator
at the rated voltage, eight kv., is 2.16 X 10-4 (r. m. s.) amperes,
indicating a capacity of 3.14 X 10-1" farads. Under spray,
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Fig. 26, the current leads the potential by only 70 deg., or the
resistance of the inisulator drops to 180 mnegohms.

Figs. 27 and 28 (films 304 and 308) show the charging
current at a voltage high enough to cause streamers over a part
of the insulator surface. The oscillograms were taken with
the insulator dry at 38 kv. and under spray at 31.6 kv., respec-
tively. For positive currents the insulator pin is cathode and
the metal cap is anode.

Fig. 29 (film 307) is an oscillogram taken on a 10-in. (25.4-cmn.)
suspension insulator under spray, with the axis of the insulator
horizontal. The insulator resistance is only seven megohms.

Application to the Study of Condutction in Gases. The trans-
former may be used to determine the wave form of the minute
leakage currents between electrodes in gases at low pressures.

Fig. 30 (film 254) shows the wave form of the current through
the gas between an incandescent carbon filament and a copper
plate mounted in the evacuated bulb of an incandescent lamp.
The filament was a 55-volt 16-c.p. filament, operated at

57 volts on direct current. A 60-cycle alternating voltage of
83 r.m.s. volts was impressed between the copper plate and
one terminal of the filament; the connections are as shown
in Fig. 31. In interpreting this oscillogram, it should be re-
called that the average value of the current delivered. by the
secondary of the current transformer will be zero, irrespective
of the wave form of the primary current. The negative branch
of the current wave does not mean that the primary current
flows from the incandescent filament anode to the copper plate
cathode. The primary current is unidirectional and only flows
during the half-cycle in which the filament is cathode. No
appreciable current flows when the cold copper plate is negative
to the filament; the current shown by the oscillogram during
this half-cycle is only an apparent current; it is due to the shift
of the secondary current wave form with reference to the primary
current wave. Both wave forms are similar, but the primary
is unidirectional, while the average of the secondary must equal
zero.
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DISCUSSION ON "A MILLIAMPERE CURRENT TRANSFORMER"
(BENNETT), WASHINGTON, D. C., APRIL 25, 1914.

J. B. Whitehead (by letter): In conjunction with Professor
Bennett's paper* last year at Cooperstown, the present paper
completes a description of the equipment with which he has
obtained his interesting and valuable results on the corona.
The transforner which he describes, by offering a means for
measuring the corona current, should open up a wide field of
investigation. The possibility, as demonstrated by Professor
Bennett, of neutralizing the charging current is especially
valuable.
One or two questions suggest themselves:
As the scale of the diagram for Fig. 5 is evidently not the

same for all vectors, I have not been able to understand the
statements at the top of the following page.
The statement is made on the next page thereafter, under

the heading "Phase Displacement and Ratio of Transformation,"
that the phase displacement and percentage reduction in the
multiplier are proportional to the secondary resistance. I
shall be glad to have further elucidation here.

Referring to Fig. 15, since presumably all the vibrators were
in one oscillograph, the question of potential difference arises,
unless each vibrator was grounded.

J. R. Craighead (by letter): The specific features of design
of a current transformer should be determined by the uses to
which it is to be put. In Mr. Bennett's transformer, the
primary winding is made of wire several times larger than would
be needed on a heating basis, in order to keep the total impe-
dance low. More accurate transformation of the current can
be secured by using much smaller primary wire, thus increas-
ing the ampere-turns or diminishing the mean length of mag-
netic circuit. This will be accompanied by an increase in the
impedance and PIR losses of the transformer which would be
objectionable only for circuits of comparatively low voltage.

It should be emphasized that the current transformer is
accurate only when carrying a true alternating current. When
supplied with a current containing a direct-current component,
it operates in a different range of flux density because of the
constant magnetizing effect of the direct current, and the
errors are largely increased. If a current transformer under
normal conditions has from 2 to 5 per cent exciting current,
the presence of a 50 per cent direct-current component there-
fore may readily give a direct magnetomotive force from 7 to
17 times as great as the maximum under operating conditions.
Calculations of errors with alternating current alone cannot
therefore be relied on to determine accuracy with pulsating

* "An Oscillograph Study of Corona", TRANS. A.I.E.E., Vol. XXXII,
1913, p. 1787.
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currents. The alternating components of transients and
rectified or partially rectified currents will not be accurately
shown.
The alternative is the use of vibrators of higher current

sensitivity. These are available of about 10 times the sen-
sitivity of the standard vibrator, and consume about the same
energy. This will cover satisfactorily many cases where the
transformer would give inaccurate results, but will not reach
to the extremely low values covered by the transformer.
Edward Bennett (by letter): With reference to the ques-

tions raised by Dr. Whitehead: In the vector diagram of
Fig. 5 the exciting current I, and its components Im and IW are
drawn to ten times the scale of the primary and secondary cur-
rents. The voltage which must be generated by the magnetic
flux in the iron, in order to set up the full load current
through the secondary winding, will be directly proportional
(approximately) to the total secondary resistance, since the
reactance is negligible. The exciting current necessary in
the primary to set up with magnetic flux will be approxi-
mately proportional to the flux and since the flux is propor-
tional to the secondary resistance, therefore the exciting current
will be directly proportional (approximately) to the total
secondary resistance. An inspection of the diagram will show
that the exciting current will remain less than 5 per cent of
the neutralizing current IX, for a reasonable variation in the
secondary resistance. Under these conditions a study of the
diagram will show that since the exciting current is directly
proportional to the total secondary resistance, therefore " for
small variations in the resistance of the secondary circuit,
the angle of phase displacement and the percentage reduction
in the multiplier will be approximately proportional to the
secondary resistance."

In Fig. 15 the terminal of vibrator P is grounded and the
vibrator S is ungrounded. One terminal of the primnary of
the current transformer to which the vibrator S is connected
is grounded and the average potential of the primary from
ground is less than 6 volts, therefore the potential of the vibrator
S will probably differ from ground potential by less than 2 volts.

Mr. Craighead's comments apply more particularly to the
characteristics of instrument transformers in which flux den-
sities from 500 to 2000 lines per square centimeter are in use.
In the milliampere current transformer, in which the maximum
flux density is only 36 lines per square centimeter, we encounter
features of design that are entirely negligible in the commercial
transformer. For example, very little improvement indeed can
be made in the characteristics of the milliampere transformer
by increasing the number of turns in the winding:

First: Because the permeability decreases rapidly for flux
densities below 50 lines per square centimeter, so that very
little is to be gained by using a lower flux density.
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Second: Because an increase in the numnber of turns will
increase to such an extent the component of the current which
gets through the primary as displacement current from layer
to layer, that high harmonics in the primary will not be faith-
fully reproduced.

Third: A material increase in the number of turns cannot
be made without increasing either the length of the magnetic
circuit or the resistance of the secondary.

Again, it would seem that the caution with reference to the
use of the current transformer with pulsating currents can
hardly be taken to imply that the oscillograms showing the
presence of a large unidirectional component are appreciably
in error. Even if the unidirectional component of the primary
current exerted a magnetomotive force 17 times the exciting
m.m.f., this would only lead to a unidirectional flux of 17
times 36, or 612 per square centimeter, on which would be
superimposed a cyclic change of ±L 36 lines per square centimeter.
Under these conditions the wave form of the pulsating current
would be faithfully reproduced in the secondary. As pointed
out, however, in the paper, the wave form of the secondary
current will, under these conditions, be so displaced with refer-
ence to the zero line as to make the average value of the second-
ary current zero.


